ABSTRACT
Introduction
Gas giant planets form in gaseous disks surrounding newly born stars. As planets form in disks, their gravity perturbs the surrounding material and produces structures such as spiral density waves and gaps (e.g., Kley & Nelson 2012) . These planet-induced structures are detectable in high angular resolution, direct imaging observations of disks at near-infrared (NIR) wavelengths (e.g., de Juan Ovelar et al. 2013; Pinilla et al. 2015b; Dong et al. 2015b,a; Pohl et al. 2015) , which are sensitive to scattered light from the disk surface. Recently, spiral arms and gaps that are expected to result from planets have been found in disks surrounding AB Aur (Hashimoto et al. 2011) , MWC 758 (Grady et al. 2013; Benisty et al. 2015) , SAO 206462 (Muto et al. 2012; Garufi et al. 2013; Stolker et al. 2016) , HD 100453 (Wagner et al. 2015) , HD 100546 (Boccaletti et al. 2013; Avenhaus et al. 2014; Currie et al. 2015; Garufi et al. 2016) , AK Sco (Janson et al. 2016) , and TW Hya (Rapson et al. 2015) . High angular resolution, high contrast scattered light images of disks are made possible by instruments such as VLT/NACO (Lenzen et al. 2003) , Subaru/HiCIAO (Tamura et al. 2006) , VLT/SPHERE (Beuzit et al. 2008) , Gemini/GPI (Macintosh et al. 2008) , and Subaru/SCExAO (Jovanovic et al. 2015) .
To anticipate how companion-induced disk structures may appear in NIR images, we need synthetic observations. Combining hydrodynamic simulations of disk-planet interactions with Monte Carlo radiative transfer (MCRT) calculations, Dong et al. (2015b) explored the appearance of gaps in scattered light images, and showed that the cavities in transitional disks (Espaillat et al. 2014) can be explained as wide common gaps opened by multiple giant planets (Zhu et al. 2011; Duffell & Dong 2015) . By comparing the synthetic images of gapped disks in that study with the new GPI observations of TW Hya, Rapson et al. (2015) concluded that the gap at 21 AU in the system may be explained by a 0.16M J planet. Using a similar method, Dong et al. (2015a) examined the morphology of the spiral shocks excited by a giant companion in the outer disk, finding two prominent arms in a near m = 2 rotational symmetry in scattered light images (see also Zhu et al. 2015; Fung & Dong 2015) , that resemble the arms discovered in MWC 758 and SAO 206462 ). This giant-companion double-arm scenario was verified by Dong et al. (2016) in SPHERE images of the HD 100453 system (Wagner et al. 2015) , in which an M dwarf companion is seen together with the two arms it drives.
Past models have focused on producing synthetic observations for disks viewed faceon (but see e.g., Jang-Condell & Turner 2013) . In this work we expand the parameter space to arbitrary inclinations and position angles. We carry out three-dimensional (3D) hydro simulations using the code PEnGUIn (Fung 2015) to calculate the density structure of spiral arms and gaps produced by a giant planet or a stellar companion on a circular orbit in the outer disk (Section 2). The numerical disk models are subsequently read into the Whitney et al. (2013) 3D Monte Carlo radiative transfer (MCRT) code to produce synthetic images at NIR wavelengths. In Section 3, we examine the morphology of the disk over a large grid of viewing geometries. In Section 4, after criticizing some common reconstruction techniques for deprojecting inclined disks, we produce synthetic observations for AB Aur and AK Sco, comparing them with their respective Subaru/HiCIAO (Hashimoto et al. 2011) and VLT/SPHERE observations (Janson et al. 2016) . A summary is given in Section 5.
Hydro and MCRT Simulations
We carry out 3D hydrodynamics simulations to calculate disk structures induced by a companion. The resulting disk structures are fed into 3D MCRT simulations to produce synthetic images at several NIR bands. Our numerical methods are described below.
Hydrodynamics Simulations
We use the 3D Lagrangian-remap hydrodynamics code PEnGUIn (Fung 2015) to simulate spiral arms in disks for two different models. In the first model, we have a companion-to-star mass ratio, q, of 0.1. We call this the "0.1M model"; the companion's mass is 0.1M if the star is 1M . For our "3M J model," we have q = 0.003. These two choices of q are motivated by the three best studied double-arm systems to date: MWC 758 (Grady et al. 2013; Benisty et al. 2015) and SAO 206462 (Muto et al. 2012; Garufi et al. 2013; Stolker et al. 2016 ) which most likely harbor planetary mass companions with 0.001 q 0.01 (Dong et al. 2015a; Zhu et al. 2015; Fung & Dong 2015) , and HD 100453 (Wagner et al. 2015) whose arms are almost certainly driven by the q = 0.18 M dwarf companion (Dong et al. 2016) . Both simulations are run for 100 orbits of the companion, at which point the disk structures have long settled into quasi-steady states. Except for Figure 4 , all figures in this paper are produced using the models after 100 companion orbits have elapsed.
PEnGUIn solves the same equations as in Fung & Dong (2015) , except in this paper all simulations are done in 3D, and with different input parameters. We provide some details here. We use {r, φ, θ} to denote the usual radial, azimuthal, and polar coordinates, and R = r sin θ for the cylindrical radius. The Lagrangian continuity and momentum equations solved by PEnGUIn are:
where ρ is the gas density, v the velocity field, p the gas pressure, T the Newtonian stress tensor, and Φ the combined gravitational potential of the star and the companion. We adopt a locally isothermal equation of state, such that p = c 2 ρ, where c is the sound speed of the gas. T is proportional to the kinematic viscosity ν, which we parameterize using the α-prescription by Shakura & Sunyaev (1973) , such that ν = αc 2 /Ω, where Ω is the orbital frequency of the disk. In all our simulations, we choose α = 0.01. This relatively high viscosity is chosen to isolate the spirals excited by the companion from additional disk features caused by hydrodynamical instabilities, such as the Rossby wave instability (Lovelace et al. 1999 ) triggered by the formation of a sharp gap edge. A higher viscosity also shortens the system's viscous timescale, allowing the simulation to converge faster with time.
The simulations are performed in the frame of the central star, so for a companion on a fixed, circular orbit, Φ is:
where G is the gravitational constant, M the total mass of the star and the companion, R p the semi-major axis of the companion's orbit, r s the softening length of the companion's potential, and φ = φ − φ p denotes the azimuthal separation from the companion. For convenience, we also denote the Keplerian velocity and frequency as v k and Ω k . The third term in the bracket is the indirect potential due to the acceleration of the frame. r s is chosen to be 10% of the companion's Hill radius, so for the 0.1M model, we have r s = 0.032R p , and for the 3M J model, r s = 0.01R p . We note that the companion is introduced into the simulation gradually -q increases from zero to the desired value over 5 orbits.
Because we adopt different disk sound speed profiles for the two models (see the following section), we adjust our simulation domains and resolutions accordingly. In the 0.1M model, our simulation box spans r in,hydro = 0.1R p to r out,hydro = 2R p in radius, the full 2π in azimuth, and 0
• to 39
• in the polar angle measured from the midplane (symmetry is enforced across the midplane). The simulation grid contains 216(r)×432(φ)×72(θ) cells, with the radial cells spaced logarithmically, while the spacing is uniform for the other two dimensions. For the 3M J model, our simulation box spans 0.2R p to 2R p in radius, the full 2π in azimuth, and 0
• to
31
• in the polar direction. The resolution is higher in this model with 288(r)×576(φ)×96(θ) cells, because of the choice of a lower sound speed.
Initial and boundary conditions
The initial disk profile assumes a Σ ∝ 1/r surface density profile. Additionally, we impose an initial axisymmetric gap that mimics the gap we expect the companion to open. The inclusion of this initial gap allows for a significantly faster time-convergence, and avoids some numerical artifacts that would be caused by the sudden introduction of a companion into an unperturbed disk. The initial density profile reads:
where ρ 0 = 1, 1 β describes the disk sound speed profile, R gap is the distance from R p to the gap edge, and ∆R gap describes the sharpness of the gap edge. We choose R gap to be approximately two times the companion's Hill radius (Fung et al. 2014) , which makes R gap = 0.6 for the 0.1M model, and R gap = 0.2 for 3M J . We choose ∆R gap = 0.08 in both models, which is sufficiently smooth to not trigger any hydrodynamical instabilities. The sound speed profile reads:
where c 0 is the sound speed at the companion's radial position. For the 0.1M model, we choose c 0 = 0.15v k,p , where v k,p is the Keplerian speed at R = R p , and β = 1/2. This constitutes a constant disk aspect ratio of c/v k = 0.15. For the 3M J model, we choose c 0 = 0.1v k,p and β = 1/4, which makes a flaring disk with c/v k ∝ R 1/4 . The somewhat larger scale height for the 0.1M model is motivated by the recent fits to HD 100453 (Dong et al. 2016) , and also provides a contrast to the 3M J model.
The initial velocity field assumes hydrostatic equilibrium taking into account gas pressure, but neglecting viscosity. As a result, the initial disk has zero radial and polar velocities, and an orbital frequency of:
Both the inner and outer radial boundaries are fixed at their initial values. For the polar boundaries, we enforce symmetry at the midplane since we only simulate the upper half of the disk, and use a reflecting condition at the top to prevent mass from entering the simulation domain. Additionally, a wave killing zone is imposed next to the top boundary to remove reflections. The prescription for this wave killing zone is:
where X represents the fluid variable ρ, p, or v, θ top is the polar angle at the top boundary, and ∆θ is the width of the killing zone, which is 5
• for the 0.1M model and 3
• for 3M J . Technically, this killing zone results in a continuous loss of disk mass, but since the top boundary is located about 5 scale heights above the midplane, the loss is negligible over the timescale of our simulations.
Monte Carlo Radiative Transfer Simulations
The density distributions obtained in our hydro simulations are post-processed via 3D MCRT calculations using the Whitney et al. (2013) code to produce synthetic NIR images. This process largely follows the procedures described in Dong et al. (2015a) and Dong et al. (2016) . The central source is assumed to be a protostar with a temperature of 5200 K and a radius of 2.4R (MCRT simulations have only one illumination source, i.e., the central star). The temperature in each grid cell is calculated using the radiative equilibrium algorithm described in Lucy (1999) . The systems are assumed to be at 140 pc from the Earth, the distance to the Taurus star forming region. The companion is assumed to be at R p = 100 AU in the 3M J case and 200 AU in the 0.1M case, chosen so that the spiral arms in both cases are most prominent around 50 to 100 AU, as is suitable for NIR imaging observations with currently achievable inner working angles and angular resolutions for systems at 140 pc. These separations are also in the same range as the distances to the (predicted) companions in SAO 206462, MWC 758, and HD 100453. The model grid is a 3D spherical grid in {r, φ, θ}. In the φ and θ directions the grid is identical to the one in the corresponding hydro simulation. In the r direction, it extends from the dust sublimation radius r sub , where the dust temperature reaches the sublimation temperature of 1600 K, to r out,hydro . From r sub to r in,hydro the grid has 50 cells in r with logarithmic spacing, while from r in,hydro to r out,hydro the grid is identical to the corresponding hydro simulation.
Since hydro simulations produce disk density structures in gas, while NIR images are determined by the distribution of dust in disks, we need to convert gas density structures into dust density structures. The dust grains are assumed to be interstellar medium (ISM) grains (Kim et al. 1994 ) made of silicate, graphite, and amorphous carbon. Their size distribution obeys a smooth power law up to a grain radius of 0.25 µm followed by an exponential cut off at larger sizes. The optical properties of the dust grains can be found in Dong et al. (2012, Figure 2 ). From r in,hydro to r out,hydro , the dust volume density, ρ dust , is assumed to be linearly proportional to the gas volume density, ρ gas . This is appropriate as these subµm-sized particles are dynamically well coupled to the gas. Between r sub and r in,hydro , ρ dust at (r, φ, θ) is assumed to be the same as ρ dust at (r in,hydro , φ, θ). We note that this inner disk is introduced in the MCRT simulations simply to fill in the central cavity of the hydro simulations. Removing this inner disk leads to a 35% increase in the surface brightness of the resultant image, but does not alter our reported outer disk morphologies. The total ISM dust disk mass within 100 AU is normalized to 10 −5 M in both models. This corresponds to, for example, a total gas disk mass of 0.01 M , a 100:1 gas-to-dust mass ratio, a 10% dust mass fraction in the small ISM grains, and a remaining 90% mass fraction in the large grains that are presumed to have settled to the disk midplane and do not affect NIR scattering. Tests show that our results are insensitive to the total dust mass within one order of magnitude around this fiducial value.
Our MCRT simulations output all 4 Stokes components, (I, Q, U, V ), from which total intensity (TI=I) and polarized intensity (PI= Q 2 + U 2 ) images 2 are produced at Y , J, H, and K-band using 1 billion photon packets over a range of viewing angles. Polarization fraction (PF) is defined as PF=PI/TI. In addition, the following polar-coordinate Stokes parameters are defined (Schmid et al. 2006 ):
where φ is the position angle of a point (North to East) in a disk image. By construction, Q r contains the polarization components in the tangential (azimuthal) and radial directions, while U r contains the components at ±45
• with respect to that. If the disk scattering surface is perpendicular to the line of sight (this is approximately true for geometrically thin disks viewed face-on) and observed photons are mostly produced by single-scattering events, only the tangential polarization component exists, and Q r is equivalent to PI (except unlike PI, Q r can be both positive and negative). In such cases, U r is expected to contain little signal and is often used to estimate the noise level Garufi et al. 2013; Canovas et al. 2013; Pinilla et al. 2015a; Rapson et al. 2015) . For inclined disks (for which the scattering angle is often not 90
• ) and/or images built up of multiply scattered photons (as is the case for disks surrounded by an envelope), polarization may not be purely tangential, 2 In this work, the physical quantity recorded in all model images is the specific intensity in unit of [mJy arcsec
and U r can contain non-trivial signal as well (Garufi et al. 2016 ). This issue has been recently investigated by Canovas et al. (2015) , and will be discussed in Section 3.2.
The orientation of the disk inclination is indicated by a pair of parameters (PA,i), where PA is the position angle of the disk major axis (North-to-East; PA= 0
• when the west side of the disk is the nearside) and i is the inclination (0
• is face-on and 90
• is edge-on). The images emerging from the MCRT pipeline are convolved by a Gaussian point spread function (PSF) with a full width half maximum (FWHM) of 0.025 at Y -band, 0.03 at J-band, 0.04 at H-band, and 0.05 at K-band. These convolving PSFs are chosen to achieve the diffraction limited angular resolution at each wavelength for an 8-meter telescope (e.g. Subaru, VLT, or Gemini).
Modeling Results
In this section, we present the morphology of the spiral arms in both the 3M J and 0.1M models, and the morphology of the gap in the 3M J model (in the 0.1M model the disk is effectively truncated to a circumprimary disk), over the full range of viewing angles. Our hydro simulations settle into quasi-steady states after about 10 orbits, and the morphology of the arms remains practically the same afterwards, as shown in Figure 4 .
The definitions of various geometrical terms used in this paper, including the disk's PA; its "top" (illuminated) and "bottom" (obscured) halves; and its "nearside" and "farside," are illustrated in Figure 1 . We use a "red-hot" color scheme for the scattered light images and a greyscale scheme for other plots. Unless stated otherwise, all MCRT images are convolved polarized intensity images at H-band (angular resolution 0.04 ; we also examined the arm morphologies at Y , J, H, and K-bands, and found them indistinguishable); the central 0.2 in radius is masked out to mimic a coronagraph; the star is marked by a white +; the nearside of the disk is indicated by a white asterisk on the minor axis; and the projected location of the companion is indicated by an open green circle (the absence of the green circle implies that the companion is outside the field of view). We note that the noise level (i.e. the detection limit) in current NIR PI imaging observations is ∼0.1 mJy arcsec −2 or lower (e.g., Hashimoto et al. 2012; Mayama et al. 2012; Kusakabe et al. 2012; Grady et al. 2013; Follette et al. 2013) .
3 Our color scheme is chosen to bring out all features above this noise floor.
We also experimented with varying the total disk dust mass M dust by 1 order of magnitude around our fiducial value, and did not find any noticeable change in our results. Since different frequency bands and M dust values probe scattering surfaces of different altitudes, this insensitivity suggests that the positions of the arms are largely independent of altitude. Figure 2 shows the surface density maps and face-on images (both full resolution and convolved) for both models. The companion in both cases excites two spiral shocks inside its orbit, which manifest themselves as arms in scattered light images, as seen in previous works (Dong et al. 2015a; Zhu et al. 2015; Fung & Dong 2015; Dong et al. 2016 ). We will label as primary ("P") the arm pointing towards the companion; the other arm is secondary ("S"). The two arms in the stellar mass companion case are in a near m = 2 rotational symmetry. In the planetary companion case, the arms are ∼130
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• apart, consistent with the relation found by Fung & Dong (2015) . Also, because of the smaller scale height in the 3M J model, the spiral arms in that model are less open than in the 0.1M model. The loci of the arms are marked in Figure 3 .
The 3M J planet opens a gap from 75 to 130 AU. Both the inner disk, which harbors the prominent inner arms, and the outer disk ring are visible in scattered light. The planet also excites two arms in the outer disk ring; however they are faint because of their large distance from the star, and they are difficult to distinguish because they are tightly wound (Dong et al. 2015a) . In this paper we focus on the inner arms as they are most likely to be observable.
In the 0.1M model, the powerful tidal force of the companion truncates the disk to about half its orbital radius (100 AU), leaving behind two separate components -a circumprimary disk and a circumsecondary disk. We note that the circumsecondary disk also has a pair of mini-arms excited by the primary star; however, since the companion is not an illumination source, this mini-disk is not visible in scattered light (it is shadowed from the primary star by the circumprimary disk).
The Inner Arms at Various Viewing Angles
Figures 5, 6, and 7 show synthetic H-band images for the two models at various viewing angles (Figure 6 is a zoomed-out version of Figure 5 that shows the location of the companion). For the 3M J model, we view the disk at 7 inclination angles from 20
• (at i < 20 • disk images are very similar to face-on; see Figure 2 ) to 80
• (top to bottom); at each inclination the disk is oriented at 12 PAs covering the entire 2π. In total, 7 × 12 = 84 images of different viewing angles are shown. For the 0.1M model, because the two arms are nearly rotation-symmetric, at each inclination we show the disk at 6 PAs covering π in the azimuthal direction (the other π is redundant), and thus, in total, 7 × 6 = 42 images of different viewing angles are shown.
The distortion of the arms introduced by a non-face-on viewing angle can be dramatic. In general, the portion of the arms on the nearside of the disk gradually moves towards the major axis as the inclination increases. This can be seen at all position angles, and is best illustrated when an entire arm is on the nearside (e.g., from top to bottom in the PA= 0
• column in Figure 5 , and from top to bottom in the PA= 90
• and −180
• columns in Figure 7 ). This behavior is expected when viewing a bowl-shaped surface at an angle. The distortions as seen on the farside of the disk are less dramatic, until the disk reaches very high inclination ( 70
• ) and the entire top half becomes a bowl viewed edge-on. Because of the distortions generated by finite inclinations, what appear as two trailing arms on two sides of the disk in face-on images may appear to be (1) just one arm; (2) two trailing arms on one side of the disk; or (3) two arms on one side winding in opposite directions. These possibilities are summarized in Figure 9 , which shows the 0.1M model at four viewing angles.
At inclinations lower than ∼ 40
• , the disk's bottom half is too faint to detect (its emission is less than three times the noise level in current observations). As the disk becomes more inclined, the nearside of its bottom half, separated from the top half by the dark lane at the disk midplane, brightens.
4 In the 0.1M model, because there is no outer disk to block the spiral arms, one or both arms can be seen on the disk's bottom half depending on the position angle. This is best illustrated by comparing the first and fourth columns of Figure 6 . In the 3M J model, only the outer disk ring can be seen on the bottom half, as the outer disk blocks the inner disk. Therefore the bottom half remains symmetric about the minor axis, regardless of position angle.
Q r , U r , and polarization fractions for various viewing angles are shown in Figure 9 , along with TI and PI images. PI and Q r are nearly identical in all cases, and aside from a difference in normalization, both resemble the TI images. While the face-on U r contains little signal and represents noise in our MCRT simulations, at high inclinations there is some signal in U r (particularly in the bright inner disk close to the model coronagraph edge), which shows patterns symmetric about the minor axis. These findings are consistent with those by Canovas et al. (2015) for disks viewed at modest-to-high inclination.
3.3. The Outer Disk and the Gap in the 3M J Case at Various Inclinations
The 0.1M disk is truncated by the companion and thus has no outer disk, while in the 3M J case the planet opens a gap that separates the well-defined inner and outer disks. Figure 10 shows PI, TI, and PF images of the entire 200-AU-wide disk for the 3M J model at PA= 90
• for various inclinations (the PF images are the same as in the first column of Figure 7 ). The outer disk ring on the top half is visible in both PI and TI at all inclinations. In TI images, scattered light is brightest on the nearside of the ring, and decreases towards the farside because of preferential forward scattering by ISM dust. In PI images, both the nearside and farside of the top half are fainter than in the TI images because of the inefficiency of polarized scattering at both small and large scattering angles (note the two breaks on the ring along the minor axis at i = 50
• ). The two "wings" along the major axis on the top half of the disk are prominent as the scattering angle is close to 90
• . At high inclinations, the two wings may look like two spiral arms winding in opposite directions (as further discussed in Section 4.2.3). This can be further demonstrated in the right column: the PF in the two wings (indicated by the red arrows) at i 60
• can reach ∼0.5, while the farside of the top half and the nearside of the bottom half have PF close to 0. The gap is traceable in both TI and PI images at i 60 • (at larger inclinations only the TI images show the gap), but leaves little imprint in the PF maps. Lastly, the dark lane of the disk midplane is prominent at i 60
• in both TI and PI, but is practically 0 in PF. Figure 11 shows the TI and PI images at 3 nearly edge-on viewing angles (i = 80 • ) in a linear stretch to emphasize the structures in the outer disk ring. In all cases, clumps can be identified on the "wings" in both TI and PI. They are spiral arms "collapsed" along the line of sight. These structures will be discussed in Section 4.2.3. In resolved observations of disks, the original images are sometimes deprojected based on an estimated inclination of the system in an attempt to recover the face-on morphology of the disk, and also scaled by r 2 to enhance the visibility of features at large distance (sometimes the two are combined as in, e.g., Thalmann et al. 2015) . Clearly, deprojection assumes the disk surface is thin and flat (i.e., not curved), and r 2 -scaling assumes a face-on viewing geometry. Neither of these conditions is typically satisfied. To assess the degree to which conventional deprojection and scaling procedures introduce unphysical artifacts, we show in Figures 12 and 13 the results of deprojections and scalings. r 2 -scaling significantly enhances the visibility of features at large projected distances, as expected. In particular, the originally faint bottom half of the disk becomes prominent, as does the ring in the outer disk in the 3M J model. However we note that the compensation at large radius is not entirely physical. For example, different parts of the outer disk ring in the 3M J model are not compensated by the same factor (which they should be because the ring is a circle centered on the star) because of their different projected distance r from the center. As a result, the ring is disproportionally enhanced along the major axis and less so along the minor axis.
Likewise, deprojecting an inclined image can sometimes lead to serious misinterpretation of the true morphology of the system. In the 0.1M model, even at a modest 30
• inclination (the second and third rows in Figure 13 ), deprojection cannot restore the morphology of the two arms at a face-on viewing angle; at 50
• inclination (the last two rows), deprojection severely distorts the arms -it cannot even recover the total number of arms. In the 3M J model, deprojection also fails to restore the face-on arm morphologies, although the distortion is less severe than for the 0.1M model because the disk is flatter in the 3M J model (h/r = 0.1) than in the 0.1M model (h/r = 0.15), and because the height variations of the arms are smaller for the 3M J model. Deprojection also cannot restore the outer disk ring and the gap back to concentric circular structures -they appear to be off-centered ellipses broken along the minor axis (the eccentricity of the ellipses is somewhat reduced compared with the original inclined images). Lastly, it is obvious that the dark lane along the disk midplane cannot be removed by deprojecting the images.
It follows from these tests that the method developed by Fung & Dong (2015) to infer the mass of a planet based on the azimuthal separation between the two arms it excites can only be applied to nearly face-on systems (i 20
• ).
Connections with Observations
In this section, we connect our models to observed disk systems.
Inhomogeneities in Nearly Edge-on Disks
As shown in the bottom rows of Figures 5, 6 , and 7, nearly edge-on disks (i ∼ 80
• ) with spiral arms may appear to be asymmetric about their minor axis at certain PAs, as the axisymmetry of the disk is broken by the non-axisymmetric spiral arms excited by companions. In the case of a stellar mass companion, the spiral arms are big and wide, and not blocked by an outer disk ring when viewed edge-on (since the disk is severely truncated); the arms introduce global asymmetries in disks. This kind of asymmetry has been found in directly imaged nearly edge-on disks, such as the HH 30 disk inclined by 84
• (Stapelfeldt et al. 1999) .
5 In the case of planet-induced spiral arms (which are thinner), when viewed at certain PAs they may "collapse" along the line of sight to produce intensity inhomogeneities in the form of clumps in edge-on disks (Figure 11 ). These clumps can be seen in TI and especially PI images. In direct imaging observations, they may mimic and be confused with point source detections. In recent GPI and SPHERE observations of the edge-on debris disk AU Mic, several clumps of unknown origin have been identified at tens of AU on one side of the disk (Wang et al. 2015; Boccaletti et al. 2015) . The morphology of these clumps are reminiscent of the ones in Figure 11 . Though our results cannot be directly applied to the AU Mic observations as gas-poor debris disks differ in their dynamics from gas-rich protoplanetary disks, Figure 11 hints at a potential solution to the mystery, and warrants more specific investigation in the future.
Partial Gaps in Disks at Low-to-Modest Inclinations
As shown in Figure 10 a planet-induced gap may be detectable in both TI and PI images at inclinations between ∼20
• and ∼50
• . In Figure 14 we compare our 3M J model at i = 20
• with the Subaru/HiCIAO polarized observation of AB Aur (Hashimoto et al. 2011) . The full resolution model image is rescaled to match the size of the object (the 3M J planet is now at 67 AU), and convolved by an appropriate PSF to achieve the same angular resolution as the Subaru observation. The model disk has PA= −135
• ; rotates around the star in the counterclockwise direction; and has a nearside to the southeast; all these parameters are consistent with observations (Fukagawa et al. 2004; Hashimoto et al. 2011; Tang et al. 2012 ).
6
The qualitative morphologies of the inner disk, the gap, and the outer disk ring resemble features seen in AB Aur; in particular, the gap at r ∼ 85 AU appears to be deeper on the 5 http://hubblesite.org/newscenter/archive/releases/2000/32/image/c/ 6 PA=−135
• in this paper is equivalent to PA=45
• in Hashimoto et al. (2011) ; there is a difference of π between our definitions. farside and shallower on the nearside because of the variation of dust scattering efficiency with scattering angle. We note that although the comparison between our model and the observations is only qualitative, the model is "unique" in the sense that the viewing geometry has been fixed by the observations. There are even hints of fine spiral arms in the inner disk in the Subaru image, at the same locations as in the model images. We note that in the model image the morphologies of the outer ring and the gap are more-or-less independent of the position angle of the planet as they are intrinsically axisymmetric, while the details of the inner disk structures are obviously sensitive to planet location.
The Variety of Spiral Arms in Disks
As shown in Figures 5-9 , depending on the orientation of the disk, the trailing-doublearm pattern for a face-on viewing geometry may appear at other viewing angles to be one trailing arm, two trailing arms to one side, or two arms winding in opposite directions. Such features have been reported in real disks, as in the single trailing arm at ∼130 AU in the inner disk of HD 141569 A (viewed at ∼55
• inclination; Konishi et al. 2016 ). 7 Companion-induced spiral arms viewed at a large inclination may explain such an observation.
Intriguingly, "spiral arms" can be mimicked by an outer disk ring separated from the inner disk by a planetary gap when viewed at non-zero inclinations, as illustrated in Figure 10 . In this case, the outer disk manifests itself as two "pseudo-arms" along the major axis, approximately symmetric about the minor axis, winding in opposite directions. The two arms found in recent SPHERE observations of AK Sco (Janson et al. 2016 ) may provide a real-life example. In Figure 15 , we compare a model image (rescaled to match the size of AK Sco) with the SPHERE observations. The model image adopts the geometry of AK Sco: the position angle of the disk 8 is −130
• and the disk is inclined by 70
• (Czekala et al. 2015) . The two pseudo-arms in the model image qualitatively resemble the arms in AK Sco. As was the case above for AB Aur, the model has no free parameter regarding viewing geometry. Moreover, the only remaining free parameter, the location of the planet, does not much affect the arm morphologies. Experiments show that the opening angle of the pseudo-arms is determined by the inclination (Figure 10 ) and the disk scale height (both the absolute value and the extent of flaring). For a given distance to the object, the length of the arms is set by the size of the outer disk ring; for a fixed ring size, the width of the arms is set by the gap size determined by M p , h/r, and disk viscosity (Fung et al. 2014; Duffell 2015) , as a wider gap narrows the outer disk ring. The 3M J planet in our model of AK Sco is located at 25 AU from the star, while its azimuthal location cannot be determined as the outer disk ring is approximately axisymmetric.
Our model makes a unique prediction for such pseudo-arms. As shown in Figure 10 , they have high polarization fractions because they scatter light at 90
• . Given that the SPHERE observations in Janson et al. (2016) are in TI, future PI observations of AK Sco can test our interpretation. Also, deeper exposures can attempt to reveal the faint nearside of the bottom half of the disk, parallel to the two arms and separated by the dark midplane.
The two major arms identified in the inner disk of HD 100546 at r ∼ 40 AU in recent GPI (Currie et al. 2015) and SPHERE imaging (Garufi et al. 2016 , see the "wing structure" in their fig. 3 ) might also be pseudo-arms. The geometry of the disk supports this interpretation: the disk is suitably inclined by ∼45
• , and both arms are on the farside of the major axis. The above tests outlined for AK Sco also apply to HD 100546.
Summary
In this paper, we carried out 3D hydrodynamics simulations of companion-induced spiral arms and gaps in protoplanetary disks. We examined the observational signatures of these features by synthesizing direct imaging observations at near-infrared wavelengths using 3D Monte Carlo radiative transfer simulations. We studied two models, one with a 3M J planet at 100 AU and another with a 0.1M companion at 200 AU (assuming the central star is 1 M ), surveying the entire parameter space in viewing inclination and position angle (Figures 5 and  7) . In the 3M J model the planet opens a gap and excites two prominent spiral arms in the inner disk; the inner disk arms, the outer disk ring, and the gap are readily detected when viewed face-on (Figure 2) . In the 0.1M model, the companion truncates the circumprimary disk to about half its orbital radius, and produces a prominent pair of arms with azimuthal wavenumber m = 2 in face-on images (Figure 2) . Our results for face-on systems confirm previous findings in Dong et al. (2015a) and Dong et al. (2016) based on Athena++ (Stone et al., in preparation) hydro models, and can be compared with (and provide predictions for) current and future NIR imaging observations using Gemini/GPI, VLT/NACO/SPHERE, and Subaru/HiCIAO/SCExAO.
Below, we summarize the arm and gap morphologies presented in this paper:
1. Companion-induced spiral structures quickly settle into a quasi-steady state after ∼10 orbits (Figure 4 ). For face-on views, the morphologies are insensitive to observing wavelength and to the total ISM dust mass assumed, suggesting the positions of the arms are largely independent of altitude. Total intensity and polarized intensity images of face-on disks exhibit the same morphologies (Figures 9 and 10 ).
2. Depending on the viewing inclination and position angle, the trailing-double-arm pattern for face-on views may appear as one trailing arm; two trailing arms to one side of the star; or two arms on the same side but winding in opposite directions (e.g., Figure 9 ).
At inclinations i 50
• , the bottom (obscured) half of the disk emerges. In the 3M J model the nearside of the bottom half of the outer disk ring can be seen, and is always symmetric about the minor axis independent of the viewing angle (Figure 10 ). In the 0.1M model, the two spirals on the bottom half are directly visible as they are not blocked by an outer disk; the bottom half in this case is asymmetric to varying degrees depending on the position angle (Figures 5 and 9 ). We also highlight the shortcomings of two standard image reconstruction procedures:
1. The conventional practice of deprojecting inclined disk images based on the known inclination cannot restore the face-on morphology (Figures 12 and 13) , particularly for high inclinations. The procedure (1) cannot recover the total number of arms; (2) cannot recover the arm locations; (3) cannot restore gaps and outer disk rings back to concentric circular structures; and (4) cannot remove the dark lane of the disk midplane. The dynamical planet-mass measurement technique based on arm morphology (Fung & Dong 2015) applies only to disks with inclinations 20
• .
2. The rescaling of images by r 2 introduces artificial azimuthal variations, for the obvious reason that in such systems, the physical distance to the star can differ from the projected distance.
Finally, we make the following connections between our models and observations:
1. Asymmetric structures in nearly edge-on disks may be caused by spiral arms. Big and wide arms excited by massive (e.g., stellar mass) companions can generate global scale asymmetries, similar to those seen in HST observations of the HH 30 disk which is inclined by 84
• (Stapelfeldt et al. 1999) . Narrower arms excited by planet-mass companions viewed from certain angles can collapse along the line of sight to appear as clumps in nearly edge-on disks (Figure 11 ).
2. The partial gap at r ∼ 85 AU in AB Aur observed by Subaru/HiCIAO (Hashimoto et al. 2011 ) may be a gap opened by a 3M J planet at 67 AU. In this interpretation, the disk viewed at 20
• inclination and −135
• position angle rotates counterclockwise on the sky, and has a nearside to the southeast, consistent with observations (Figure 14) .
3. The single arm observed at ∼130 AU in the HD 141569 A disk (Konishi et al. 2016 , HST) may be a trailing-double-arm structure viewed at ∼45
• inclination.
At i 50
• , the disk ring outside the gap opened by a giant planet manifests itself as two pseudo-arms placed symmetrically about the minor axis winding in opposite directions (Figure 10 ). Our model image of a disk perturbed by a 3M J planet at 25 AU, when viewed at 70
• inclination, resembles the AK Sco system as observed by SPHERE (Janson et al. 2016 ; Figure 15 ). A similar interpretation may explain the pair of minor-axis-symmetric arms at r ∼ 40 AU in the inner disk of HD 100546, as viewed at ∼45
• inclination (Currie et al. 2015, GPI; Garufi et al. 2016, SPHERE) . Our models make a prediction that can be tested by observations in the near future: these arms should have a much higher polarization fraction than the rest of the disk (see the two PF "wings" indicated by the arrows in Figure 10) . A deeper exposure may also reveal the dark lane of the disk midplane parallel to these pseudo-arms.
Zhu, Z., Nelson, R. P., Hartmann, L., Espaillat, C., & Calvet, N. 2011, ApJ, 729, 47 This preprint was prepared with the AAS L A T E X macros v5.2. Figure 1 for the definitions of geometrical terms. The first three columns are in log stretch while the last two are in linear stretch. The white bar at the lower left corner indicates 0.5 . Depending on the viewing geometry, the two trailing arms seen on opposite sides of the face-on disk (top row) may appear as two trailing arms on one side of the disk (second row), one trailing arm (third row), or two arms to one side winding in opposite directions (bottom row). Q r , PI, and TI resemble each other in all cases. U r has no signal and represents the noise level in the face-on case, but contains some signal in the inner disk in inclined systems. See Section 3.2 for details. indicates the projected location of the 3M J planet in the first two columns and the deprojected location of the planet (i.e., 100 AU to the North) in the last two columns. The r 2 -scaling procedure enhances features at large angular distances, but also introduces artificial azimuthal variations. Deprojection cannot restore the locations of the arms viewed face-on, nor can it restore the off-centered elliptical gap and outer disk ring back to centered circular structures. • , rotates counterclockwise on the sky, and has a nearside to the southeast (Fukagawa et al. 2004; Hashimoto et al. 2011; Tang et al. 2012) . Viewed at an inclination of 20
• , the gap opened by the planet in the model resembles the observed gap. Janson et al. 2016 ) in H-band total intensity. Our model has been shrunk by a factor of 4 to match the physical size of the observed disk (thus the planet is now at 25 AU). The inner circle of radius r = 0.0925 is blocked off to simulate a coronagraph. The angular resolution is 0.04 in both images. The model image is viewed at a position angle of −130
• and an inclination of 70 • ; these same parameters characterize AK Sco as constrained by CO observations (Czekala et al. 2015) . The bottom (obscured) half of the model disk is labeled, and the planet's orbit (circular and coplanar with the disk) projected on the sky is marked by the green dotted circle. The apparent spiral-arm-like features ("pseudo-arms") in the model actually arise from the outer disk ring viewed at high inclination (note their morphologies are insensitive to the specific location of the planet in the azimuthal direction). The pseudo-arms in the observations appear to be sharper, possibly because of the angular differential imaging (ADI) data reduction process.
